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Co-treatment of landﬁll leachate with sewage at publicly owned treatment works (POTWs) is a common leachate
management practice. However, the UV absorbing property of UV-quenching substances (UVQS) present in
municipal landﬁll leachate may signiﬁcantly reduce the eﬃciency of disinfection at POTWs that adopt ultraviolet irradiation for disinfection. The UVQS represents an emerging concern in the solid waste and wastewater
treatment industries. This study aimed to evaluate the performance of activated carbon (AC) for removal of
UVQS from landﬁll leachate in order to address the leachate UV-quenching issue. Results showed that the
abatement of leachate UV254 absorbance with AC followed a pseudo-2nd-order reaction or intra-particle diﬀusion
kinetics model. The adsorption isotherm patterns for leachate UV254 absorbance, dissolved organic carbon
(DOC), and chemical oxygen demand (COD) well ﬁt the Freundlich models. AC was capable of eﬀectively adsorbing UV-quenching organic matter, regardless of humic acid (HA), fulvic acid (FA), and hydrophilic (HPI)
isolates, via both chemisorption and physical adsorption mechanisms. Of note, after the AC adsorption, the
residual UV254 absorbance was linearly correlated with COD remaining in leachate and exponentially correlated
with residual DOC in leachate, separately. Furthermore, ﬂuorescence excitation-emission matrix (EEM) analyses
could indicate the removal of hydrophobic UVQS during AC adsorption, but could not reﬂect the presence or
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variation of hydrophilic UVQS. Findings of this study demonstrate that AC adsorption provides an eﬀective
treatment option for mitigation of the leachate-induced UV transmittance impacts on POTWs.

Table 1
Characteristics analysis RAW-L and SBR-L used in this study.

1. Introduction
Municipal landﬁll leachate represents a high strength wastewater
continuously produced due to precipitation percolation and native liquids within municipal solid waste (MSW) at MSW landﬁlls. Because of
the presence of persistent contaminants such as dissolved organic
matter (DOM) and ammonia [1], landﬁll leachate needs to be appropriately managed; otherwise, it may severely cause pollution in surface
water, groundwater, and soil. Over the past four decades, many eﬀorts
have been made to develop treatment technologies for traditional leachate contaminants, such as DOM, ammonia and heavy metals. Recently, interests have been directed to emerging contaminants in leachate such as perﬂuorinated compounds (PFCs) and nanoparticles
[2–4]. Among these emerging MSW-derived contaminants, UVquenching substances (UVQS) that interfere with ultraviolet (UV) light
transmittance is a new issue that is challenging current landﬁll leachate
management practices.
Discharge of MSW landﬁll leachate to publicly owned treatment
works (POTWs), i.e. wastewater treatment plants that serve the general
public and primarily treat domestic sewage, is a convenient and
common leachate treatment option. Co-treatment of sewage and leachate samples at POTWs maximally utilizes existing wastewater treatment facility, thereby minimizing capital and operational costs.
However, leachate UVQS is frequently challenging this treatment option. The persistent UVQS at high concentrations, which cannot be effectively removed at POTWs, can signiﬁcantly interfere with UV disinfection at POTWs. Currently, an increasing number of POTWs in the
United States are replacing traditional chlorine disinfection with UV
disinfection, because the latter has an equivalent or better inactivation
eﬀect but produces less disinfection byproducts (DBPs). Hence, the
leachate-induced UV transmittance issue needs to be addressed.
UV absorbance is a measure of the amount of UV light absorbed by
certain constituents at a speciﬁed UV wavelength [5]. POTWs typically
utilize 254 nm as an eﬀective germicidal wavelength [6]. The UVquenching property of a landﬁll leachate is principally due to the presence of UV-absorbing DOM [7]. Just recently, several physical, chemical and biological treatment methods, such as activated carbon (AC)
adsorption, Fenton treatment, ozonation, and aerobic biodegradation,
have been evaluated to alleviate UV-quenching DOM in landﬁll leachate [6–10]. Among these treatment options, the evaluation of AC
adsorption for removal of leachate UV-quenching DOM is highly attractive because this technology is well acknowledged as an eﬀective
method for removal of organic pollutants in water and wastewater.
Although many studies on AC adsorption for the removal of leachate
DOM have been undertaken since the 1970s [11], the vast majority of
them only aimed to remove leachate chemical oxygen demand (COD)
and/or biochemical oxygen demand (BOD), rather than the UV absorbance. A recent study [9] showed that a PACT system, i.e. a combination of AC and activated sludge, abated UV254 absorbance from 19.7 to
9.0 cm−1 (54.3% removal), and the removal was more pronounced for
high molecular weight (MW) DOM groups (≥3 kDa). AC adsorption
represents a promising treatment technology for leachate UVQS, but the
detailed information regarding AC alleviation of leachate UV absorbance remains highly limited.
The objective of this study was to evaluate the performance of activated carbon for removal of UV-quenching DOM from landﬁll leachate. Two types of landﬁll leachate were tested, including a raw MSW
landﬁll leachate with typical mature characteristics (RAW-L) and a
sequencing batch reactor (SBR) pretreated leachate (SBR-L). The latter
one was selected considering that AC adsorption is typically applied as

pH
UV254
COD
DOC
BOD5
SUVA
BOD5/COD
DOC/COD
TN

Unit

RAW-L

SBR-L

–
cm−1
mg L−1
mg L−1
mg L−1
L (mg·m)−1
–
–
mg L−1

7.69 ± 0.07
14.21 ± 0.91
1881 ± 82
981 ± 26
160.0
1.45
0.085
0.522
1392 ± 11

7.46 ± 0.10
12.96 ± 0.21
1444 ± 157
514 ± 27
124.0
2.52
0.087
0.356
1230 ± 57

a post-treatment subsequent to a biological treatment in order to
minimize operating and maintenance (O&M) costs.
2. Material and method
2.1. Leachate collection and characteristics
RAW-L and SBR-L were collected from a landﬁll leachate treatment
facility in Pennsylvania, USA. The samples were collected into sealed
plastic barrels and then stored at 4 °C to minimize any further changes
until use. Physicochemical characteristics of RAW-L and SBR-L are
shown in Table 1. Notably, the low value of BOD5/COD (< 0.1) in
RAW-L suggests that this leachate was stabilized and the leachate DOM
was recalcitrant to further biodegradation. The samples were preﬁltered through a 0.45-µm Durapore® PVDF membrane ﬁlter (Millipore,
Bedford, MA, USA) to remove large particles and debris and maintain
uniformity of the tested samples.
2.2. Characterization of adsorbent
Coal-based virgin, high-performance powdered activated carbon
(PAC, Calgon WPH®, Pittsburgh, PA, USA) was used throughout this
study. Elemental analysis was performed using a PerkinElmer 2400
Series II Elemental Analyzer (PerkinElmer, Waltham, MA, USA). The
Brunauer-Emmett-Teller (BET) surface areas were measured with a
Gemini VII 2390p surface area analyzer (Micromeritics, Norcross, GA,
USA). Pore volumes were calculated from the adsorbed quantity of N2
at P/P0 = 0.95. Solid-state 13C direct polarization/magic angle spinning
(DP/MAS) NMR spectra were acquired with a 3.2 mm MAS probe on a
Varian Inova 500 spectrometer (Palo Alto, CA, USA). The 13C NMR
spectra combined with dipolar-recoupled NMR methods were used for
quantitative structural analyses of the PAC. Detailed experimental
conditions for the NMR experiments are described elsewhere [12].
2.3. Adsorption experiments
Adsorption isotherm tests were undertaken with 60-mL Boston
round bottles equipped with polytetraﬂuorethylene-lined caps.
Appropriate masses of PAC were added to the bottles to achieve desirable PAC doses (1–10 g/L). Leachate pH was adjusted using 1 N HCl
or NaOH. All samples were placed in a rotator (15 rpm) for 7 days to
achieve equilibrium at room temperature (20 ± 1 °C). Kinetic experiments were performed in a batch mode with a 1-L jar-test apparatus. All
samples were placed in 1-L beakers, and then mixed on a magnetic
stirrer at 150 rpm. Ten milliliters of landﬁll leachate were collected at
designated times. All adsorption experiments were conducted in duplicate. Each aliquot was withdrawn from the sample and ﬁltered
through a 0.45 µm membrane ﬁlter for water quality measurements.
740

Chemical Engineering Journal 350 (2018) 739–746

Y. Deng et al.

are shown in Table S2. Of note, the high polarity indices (N/C = 0.004;
O/C = 0.255) (Table S2) in addition to the abundance of polar functional
groups
(e.g.
carbohydrate
(63–108 ppm),
carboxyl
(165–187 ppm), and carbonyl carbons (187–220 ppm) shown in Table
S1) suggested that the PAC had a high adsorption aﬃnity toward polar
compounds due to delocalization of aromatic π-clouds. The PAC also
had a large pore volume (0.53 cm3 g−1), 41% of which was derived
from micro pores, and a large speciﬁc surface area of 972.3 m2 g−1,
implying a high adsorption capacity.

2.4. Analytical methods
PAC morphology was determined before and after the adsorption
experiments with a Hitachi H-7500 transmission electron microscope
(TEM). The leachate samples were ﬁltered by 0.45 µm membrane ﬁlter
to remove any particulate matter (particularly ﬁne AC particles) before
the measurements of UV absorbance and DOC, which were analyzed
using a UV/Vis spectrophotometer (HACH DR 5000) and a total organic
carbon analyzer (TOC-LCPH, Shimadzu Corp., Kyoto, Japan), respectively. COD was measured colorimetrically following digestion
(0.4–40 mg L−1, HACH, Loveland, Colorado, USA). Leachate DOM was
isolated into fulvic acid (FA), humic-acid (HA) and hydrophilic (HPI)
fractions using a solid phase extraction (SPE) method described in detail in our previous study [10]. Fluorescence excitation-emission matrix
(EEM) analyses were conducted with a LS-55 ﬂuorescence spectrometer
(Perkin-Elmer, Norwalk, Connecticut, USA) under excitation wavelengths of λEx = 220–450 nm at 5 nm increments across an emission
range of λEm = 240–600 nm at 0.5 nm intervals. Excitation and emission slit widths were set to 2.5 nm with a photomultiplier tube voltage
of 800 V. To quantitatively determine the diﬀerent DOM types, ﬂuorescence regional integration (FRI) technique was applied by integration
of the volumes (Φi) beneath their respective EEM peaks [13].

Φi =

∫Ex ∫Em I (λEx λEm)ΔλEx ΔλEm

3.2. Adsorption kinetics
Kinetics patterns for PAC adsorption of UVQS in SBR-L over pH
3.0–9.0 are presented in Fig. 1. A pseudo-equilibrium condition was
reached at 120 min, at which 72%, 60%, 56%, and 54% of UV254 absorbance were removed at pH 3.0, 5.0, 7.0, and 9.0, respectively. Different kinetics models were used to ﬁt the experimental data. Both
pseudo-second-order (R2 > 0.99) and intra-particle diﬀusion
(R2 > 0.95) models were acceptable (Fig. 1(b)–(c) and Table 2). A
pseudo-second-order equation is shown in Eq. (3):

t
1
1
=
+ t
qt
qe
k2 qe2

(1)

where qe and qt represent the adsorption capacity (cm·L g−1) at equilibrium and at time t, respectively; and k2 refers to the pseudo-secondorder rate constant (cm·g/L min−1). A majority of UVQS was rapidly
adsorbed in the initial phase (within the ﬁrst 20 min), because abundant free-active adsorption sites were available on the onset. In contrast, the removal of UV254 absorbance was gradually inhibited as the
adsorption approached a pseudo-equilibrium condition at 120 min.
An acidic condition apparently favored the UVQS adsorption on
PAC. The eﬀect of pH is most likely ascribed to the varied charges of
PAC surface and UVQS at diﬀerent pH. Zeta potential of PAC as a
function of pH is shown in Fig. S2. As seen, the point of zero charge
(PZC) was observed at pH 8.78. Greater positively charged area occurred on the PAC surface at a lower pH, rendering PAC a higher potential to adsorb anionic species. On the other hand, a majority of UV254
absorbance originated from hydrophobic humic-like DOM that can be
regarded as natural anionic polyelectrolytes with negative charges at
pH over 4.0 [15]. These negative charges were yielded from certain
functional groups (e.g. carboxylic acid and phenolic moieties) within
the study pH range [16]. As pH dropped, the electrostatic attractive
force between PAC and UVQS became more pronounced, thereby improving the UVQS removal. The 2nd-order rate constants (k2) were
0.746, 0.660, and 0.540 cm·g/L min−1 at pH 3, 5, 7, and 9, respectively.
As seen in Fig. 1(c), the kinetics data also well followed the WeberMorris model (Eq. (4)), an intra-particle diﬀusion model, in which the
adsorption is proportional to t0.5 rather than t.

For discrete data, the volumes (Φi) can be expressed by

Φi =

∑∑
Ex

I (λEx λEm)ΔλEx ΔλEm

Em

(3)

(2)

where i represents the region number; ΔλEx (10 nm) and ΔλEm (0.5 nm)
are the excitation and emission wavelength intervals, respectively; and I
(λExλEm) is the ﬂuorescence intensity at each Ex-Em pair with arbitrary
units (AU).
3. Results and discussion
3.1. PAC characterization
PAC used in this study was ﬁrst characterized with diﬀerent analytical techniques. A quantitative spectral analysis for 13C DP/MAS
NMR (Fig. S1 and Table S1) revealed a distinct carbonaceous structure.
Aromatic compounds (108–165 ppm) accounting for 63.2% of the
overall PAC mass predominated over aliphatic compounds (0–108 ppm)
and carbonyls (165–220 ppm) that only contributed to 36.8% of PAC in
terms of mass. The high aromaticity (75.9%), which is deﬁned as the
molar ratio of aromatic carbon to total carbon, was likely caused due to
the pyrolysis destruction of cellulose in the PAC precursors
(800–900 °C), which could produce a large number of aryl and O-aryl
carbon. The PAC material exhibited a high polarizability that led to
certain electrostatic interactions (e.g. π-π interaction, π-stacking, and
London dispersion forces) [14]. Other surface characteristic parameters

qt = kid t 0.5 + C

(4)

Fig. 1. Kinetics data of UVQS adsorption by PAC (a) UV254 absorbance removal vs. time; (b) t/qe vs. time (2nd order kinetics model); and (c) qe vs. t0.5 (intra-particle
diﬀusion model) (Leachate sample: SBR-L; initial UV254 = 12.96 cm−1; PAC = 1 g/L; scattered symbols and lines represent experimental and modeled data, respectively).
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Table 2
Adsorption kinetics parameters of UV254 absorbance in pseudo-second-order and intra-particle diﬀusion models.
Model parameter

Second-order
K2 (cm·g (L·min)

pH

3
5
7
9

0.746
0.660
0.636
0.540

Intra-particle diﬀusion
−1

)

qe (cm·L g
0.525
0.369
0.349
0.321

−1

)

h (cm·g (L·min)
0.206
0.090
0.077
0.056

where kid is an intra-particle diﬀusion constant (L g−1 cm−1 min−0.5);
and C is the intercept. It should be noted that the adsorption kinetics
consisted of two phases at which diﬀerent linear correlations were
observed between qt and t0.5. Neither of the straight ﬁtting lines passed
through the origin, suggesting that the adsorption kinetics was controlled by ﬁlm diﬀusion and intra-particle diﬀusion, rather than introparticle diﬀusion alone [17]. Moreover, diﬀerent pore sizes aﬀected the
diﬀusion rates at diﬀerent phases. The initial diﬀusion rate caused by
macro-porous diﬀusion was greater than the diﬀusion rate in the second
phase controlled by micro-porous diﬀusion [18]. Thicknesses of the
PAC boundary layer could be estimated using the interception on the yaxis through extrapolation of the straight ﬁtting line in the 2nd phase. It
was reduced from 0.261 to 0.223 cm·L g−1 with the increasing pH from
3.0 to 9.0, indicating that more positive charged PAC favored the intraparticle diﬀusion.

−1

)

R

2

1.00
1.00
1.00
0.99

kid (L g−1·cm·min0.5)

C (cm·L g−1)

R2

0.0155
0.0097
0.0086
0.0071

0.292
0.254
0.251
0.223

1.00
0.98
0.98
0.95

1.421 (1/cm)/(mg/L)1/n for SBR-L) < COD (4.404 (mg/L)/(mg/L)1/n
for RAW-L and 2.085 (mg/L)/(mg/L)1/n for SBR-L) < DOC (5.037
(mg/L)/(mg/L)1/n for RAW-L and 6.880 (mg/L)/(mg/L)1/n for SBR-L),
again indicating that PAC more readily removed UV254 absorbance than
COD and DOC in terms of the removal eﬃciency. That is, KF is related
primarily to an adsorption capacity of an adsorbates on an adsorbent
[20]. 1/n in all the models were below 1.00, exhibiting a broad distribution of adsorption energies resulting from the variety of PAC pore
size and shape [20].

3.3. Adsorption isotherm
PAC adsorption of UV254 absorbance from RAW-L and SBR-L is
shown in Fig. 2(a). The removal of UV254 absorbance at diﬀerent PAC
doses exhibited a biphasic pattern. At a low PAC dose range, residual
UV254 absorbance decreased from 11.64 to 2.79 cm−1 and from 12.45
to 2.37 cm−1 for RAW-L and SBR-L, respectively, with the increasing
PAC dose from 0 to 4 g/L. At a high PAC dose, UV254 absorbance of
RAW-L and SBR-L slightly dropped to 0.72 and 0.69 cm−1, respectively.
At any speciﬁc PAC dose, no obvious diﬀerence in the residual UV254
absorbance between the both leachates was observed. DOC and COD
removals at diﬀerent PAC doses are presented in Fig. S3(a) and (b),
respectively. For DOC or COD, a similar biphasic removal pattern was
noticed at low and high PAC dose ranges. At 0–4 g/L PAC, DOC decreased from 957 to 686 mg/L and 550 to 242 mg/L for RAW-L and
SBR-L, and COD decreased from 1620 to 620 mg/L and from 1440 to
465 mg/L for RAW-L and SBR-L, respectively. When PAC was increased
to 10 g/L, DOC of RAW-L and SBR-L further dropped to 565 and
161 mg/L, and COD of RAW-L and SBR-L dropped to 237 and 180 mg/
L, respectively. The biphasic UV254 adsorption pattern was caused due
to the heterogenetic nature of leachate DOM. At a low PAC dose, the
strongly absorbable compounds could be readily removed resulting in a
low qe. In contrast, the weakly absorbable compounds were only removed at a high PAC dose in order to achieve a similar qe. The adsorption mechanisms are discussed later.
Diﬀerent adsorption isotherm models were tested to ﬁt experimental data. For RAW-L or SBR-L, the PAC adsorption behaviors of
UV254, COD and DOC all followed the Freundlich isotherm models (Eq.
(5)) well (R2 > 0.990), suggesting a multilayered adsorption pattern
[19] (Fig. 2(b) and Table 3).

Qe = KF C1/n

(5)

where qe is the removed aggregate parameter (UV254, DOC or COD) per
unit mass of PAC at chemical equilibrium (cm−1 L−1 g−1 for UV254
absorbance and mg L−1 g−1 for DOC or COD); KF is the Freundlich’s
constant; and n−1 is a constant. Parameters of the Freundlich isotherm
models for PAC adsorption of UV254 absorbance, DOC and COD are
summarized in Table 3. For either RAW-L or SBR-L, KF followed the
order of UV254 absorbance (1.699 (1/cm)/(mg/L)1/n for RAW-L and

Fig. 2. Adsorption isotherm tests for PAC adsorption of UV254 absorbance from
RAW-L and SBR-L: (a) UV254 vs. PAC dose; and (b) experimental data and
modeled data using the Freundlich isotherm models (PAC = 1–10 g/L; equilibrium contact time = 7 d at 20 °C; scattered symbols and lines represent experimental and modeled data, respectively).
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carbon was substantially removed by SBR.
UV254 and SUVA of diﬀerent leachate DOM isolates (i.e. HA, FA and
HPI) are shown in Fig. 5(a) and (b), respectively. The UV254 absorbance
values of HA, FA and HPI were 1.39, 4.64 and 5.92 cm−1 for RAW-L
and 1.06, 3.99 and 5.23 cm−1 for SBR-L, respectively. Although SBR
slightly removed UV254 absorbance in all of the three DOM isolates, the
UV fractions of HA, FA and HPI were not altered, accounting for 11%,
39%, and 50% of overall UV254 absorbance, respectively. Of note, HPI
contributed to the most of UV absorbance. As seen in Fig. 5(b), for the
either leachate sample, the SUVA values of HA (1.65 L mg−1 m−1 for
RAW-L; 2.21 L mg−1 m−1 for SBR-L) and FA (1.61 L mg−1 m−1 for
RAW-L; 2.60 L mg−1 m−1 for SBR-L) were very close, both greater than
that of HPI (1.10 L mg−1 m−1 for RAW-L; 1.38 mg−1 m−1 for SBR-L),
indicating that hydrophobic DOM had a much stronger chromophoric
characteristic than HPI. The dominant UV254 absorbance fraction of HPI
observed in Fig. 5(a) was only because HPI had a much higher DOC
concentration than FA or HA. For the either leachate, PAC at the highest
dose in this study (10 g/L) could signiﬁcantly remove UV254 absorbance
in the three isolates by ≥92%. On the other hand, SUVA after adsorption (0.65 L mg−1 m−1) was substantially decreased, indicating
that PAC tended to adsorb strongly chromophoric DOM and thus lowered the chromophoric degree for HA, FA or HPI.

Table 3
Freundlich isotherm parameters for PAC adsorption of UV254 absorbance, DOC,
and COD from RAW-L and SBR-L.
Model

Freundlich

Parameter

KF
n−1
R2

UV254

DOC

COD

RAW-L

SBR L

RAW-L

SBR L

RAW-L

SBR L

1.699
0.469
0.991

1.421
0.433
0.995

3.435
0.452
0.992

11.510
0.341
0.997

4.404
0.627
0.995

2.085
0.777
0.996

Units of KF for UV254, DOC, and COD are (cm−1) (mg/L)−1/n, (mg L−1) (mg/
L)−1/n, and (mg L−1) (mg/L)−1/n, respectively.

3.4. Characterization of UVQS before and after adsorption
To provide a deeper insight into the mechanisms of PAC adsorption
of UVQS, the leachate DOM was characterized before and after adsorption using diﬀerent parameters and analytical techniques.
Relationships of UV254 absorbance with COD and DOC are shown in
Fig. 3(a) and (b), respectively. A linear correlation was observed between residual UV254 absorbance and COD for either RAW-L (UV254
abs. = 0.0092COD-2.31,
R2 = 0.981)
or
SBR-L
(UV254
abs. = 0.0091COD-1.30, R2 = 0.995) after diﬀerent doses of AC were
applied. In contrast, the residual UV254 absorbance exhibited an exponential growth relationship with residual DOC for either leachate
(RAW-L: UV254 abs. = 0.15e0.0046DOC, R2 = 0.998; SBR-L: UV254
abs. = 0.83e0.0049DOC, R2 = 0.991), as the PAC dose decreased. At any
speciﬁc residual COD or DOC after PAC adsorption, the remaining
UV254 absorbance was greater in SBR-L than in RAW-L, indicating that
SBR-L contained less UVQS than RAW-L in per unit mass of organic
content. The data suggest that competitive adsorption from non- or lowUV-quenching DOM compromises the eﬃciency of UVQS removal, and
that biological treatment is an eﬀective pre-treatment prior to AC adsorption to alleviate UVQS.
Speciﬁc ultraviolet absorbance (SUVA) and DOC/COD were also
varied at diﬀerent PAC doses, as shown in Fig. 4(a) and (b), respectively. SUVA, deﬁned as the ratio of UV254 absorbance to DOC, is
commonly used to characterize NOM in natural water. Given that
speciﬁc chromophores on UVQS absorb UV light in this study, the relationship between UV254 absorbance and UVQS concentration might
provide a deep insight into the nature of UVQS. As seen in Fig. 4(a), the
initial SUVA of RAW-L and SBR-L were 1.30 and 2.12 L mg−1 m−1,
respectively. The low SUVA values suggest that a high fraction of UVQS
in the both leachate samples was non-humic matter with high aliphatic
and low hydrophobic character [20]. A relatively higher SUVA observed for SBR-L than RAW-L indicates that biological treatment favorably removed part of UVQS with weak chromophoric properties, but
less eﬀectively removed recalcitrant UVQS with more chromophores
(e.g. aromatic cyclic organic compounds). As PAC dose increased from
0 to 10 g/L, SUVA of RAW-L and SBR-L gradually decreased to 0.121
and 0.586 L mg−1 m−1, respectively, indicating that PAC preferentially
adsorbed strongly chromophoric UVQS, most likely hydrophobic UVQS.
COD is a measure of the amount of electrons that are available in
organic carbons for reduction of O2 to water, while DOC is the amount
of carbon in the organic compounds. Therefore, COD/DOC is an indicator of the extent of the DOM removal. Generally, low COD/DOC
means a more oxidized state of the organic carbon, which is more
readily available as an energy source for microbial growth [21]. In
Fig. 4(b), COD/DOC of RAW-L (1.71) and SBR-L (2.63) were both below
3.0, indicating a typical mature nature of the leachate DOM. As PAC
dose was increased to 10 g/L, COD/DOC of RAW-L gradually dropped
to 0.69. However, COD/DOC of SBR-L exhibited a diﬀerent pattern at
diﬀerent PAC doses. It decreased to 1.74 with the increasing PAC dose
to 6 g/L, and then increased to 2.41 as the PAC dose was further increased to 10 g/L. At any speciﬁc PAC dose, COD/DOC of SBR-L was
greater than that of RAW-L, probably because the bioavailable organic

Fig. 3. Correlations between residual UV254 absorbance and two other residual
aggregate organic parameters after PAC adsorption of leachate DOM: (a) COD;
and (b) DOC (PAC = 1–10 g/L; equilibrium contact time = 7 d at 20 °C; scattered symbols and lines represent experimental and modeled data, respectively).
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Fig. 5. Diﬀerent characteristics of diﬀerent DOM fractions (HA, FA, and HPI)
from untreated and treated leachates (PAC dose = 10 g/L): (a) UV254; and (b)
SUVA.
Fig. 4. Characterization of DOM at diﬀerent PAC doses for PAC adsorption of
leachate DOM (PAC dose = 1–10 g/L): (a) SUVA vs. PAC dose; and (b) COD/
DOC vs. PAC dose.

representing diﬀerent DOM types (Table 4) [24] and provide three-dimensional images to visualize the presence or absence of diﬀerent types
of DOM. For RAW-L or SBR-L (Fig. 6(a) and (b)), EEM peaks or
shoulders were observed in all the ﬁve regions, suggesting that leachate
DOM was a complex matrix composed of fulvic-like, humic-like, protein-like, and SMP-like organic compounds. Particularly, two EEM
peaks were noticeable for either leachate. One located in Region III
(λEx/λEm = 220–250/380–440 nm) represents fulvic-like compounds
[24], which were derived from lignin and decomposed plants. The
other one in Region V (λEx/λEm = 325–350/395–455 nm) corresponds
to humic acid-like compounds [25,26], which was caused by fulvic
acid-like substance incorporation and bacterial metabolism [27]. The
EEM images of RAW-L and SBR-L were very similar, except that the
intensities of EEM peaks and shoulders in the SBR-L EEM image were
slightly lower due to the DOM biodegradation by SBR. Of note, only
hydrophobic DOM-associated peaks were marked in the both EEM
images. But the EEM images did not evidently show any peaks related
to HPI, though it was abundant in the leachate samples and signiﬁcantly contributed to the overall UV254 absorbance, as presented in
Fig. 4(a). Therefore, in a study to evaluate UV absorbing issues, the
EEM technique can only serve as a surrogate method for evaluation of
UV associated with hydrophobic DOM, because it is suﬃciently sensitive for both UV and ﬂuorescence absorption of the DOM type. However, it is unsuitable to measure the change in the HPI-induced UV

Typical TEM images of PAC particles in distilled (DI) water, RAW-L
and SBR-L are presented in Fig. S4(a)–(d), respectively. PAC in DI water
had an obvious particulate morphology with clear edges (Fig. S4(a)).
The morphological characteristics of PAC after adsorption of leachate
DOM in RAW-L (Fig. S4(b)) were not signiﬁcantly altered. However, of
particular interest, colloidal materials with long linear structures and
branched aggregates or with ﬁbrillar network structures were observed
in the TEM images of SBR-L (Fig. S4(c) and (d)). The unique colloidal
materials noticed in SBR-L rather than RAW-L were most likely biogenic
organic nanoscale material (BONM) that originated from cell lysis
during biological treatment [22]. It should be noted that some BONM
was directly attached on the PAC surface (Fig. S4(d)), due to PAC adsorption. BONM is known as high molecular weight (MW) compounds
with a low SUVA [23]. Although it was unlikely that BONM greatly
contributed to UV absorbance in the SBR pre-treated leachate, PAC
might be entangled with BONM in the presence of a large number of the
colloidal structures, so that the UVQS removal eﬃciency of PAC might
be aﬀected due to the loss or blockage of active adsorption sites.
EEM spectra of leachate DOM before and after PAC adsorption are
illustrated in Fig. 6(a)–(d). Typically, the EEM spectra can be operationally divided into ﬁve excitation(Ex)–emission (Em) regions
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Fig. 6. Fluorescence EEMs for leachate DOM in diﬀerent characteristic regions (region I to V) in the leachate samples: (a) RAW-L, (b) SBR-L, (c) RAW-L after PAC
(10 g/L) adsorption, and (d) SBR-L with PAC (10 g/L) adsorption).

the fractions of Regions I-V in terms of EEM-based volumes. After PAC
adsorption, all the ﬁve DOM types were very eﬀectively removed
by > 96% of their respective Φi. However, the order of the ﬁve DOM
types in PAC-treated leachates was slightly altered, as follows: humiclike compounds (ΦV) > SMP-like compounds (ΦIV) > fulvic-like
compounds (ΦIII) > aromatic protein I (ΦII) and aromatic protein (ΦI).
The ﬁnding suggests that SMP-like substances appeared to more favorably adsorb to PAC than fulvic-like substances.

absorbance.
To quantitatively determine the diﬀerent DOM types, the FRI
technique was applied to integrate the volumes beneath peaks or
shoulders in the diﬀerent EEM images (Table 4). Both untreated leachates followed the same order in terms of EEM-based volumes (Φi):
humic-like compounds (ΦV) > fulvic-like compounds (ΦIII) > SMPlike compounds (ΦIV) > aromatic protein I (ΦII) and aromatic protein
(ΦI). Moreover, the EEM-based volumes accounted for similar fractions
of overall volumes for the both leachates (e.g. 71.3% and 19.1% in
Region V and III for RAW-L, 74.4% and 15.6% in Region V and III for
SBR-L), indicating that biological treatment did not signiﬁcantly alter

Table 4
Excitation/emission limits for diﬀerent EEM regions and numerical integrations of the three-dimensional ﬂuorescence spectra volumetric values.
Region

I
II
III
IV
V

Excitation

220–250
220–250
220–250
250–450
250–450

Emission

280–332
332–380
380–580
280–380
380–580

Excitation-Emission area volume, ФT (×105, AU-nm2), (percent, %)

Description

Aromatic proteins I
Aromatic proteins II
Fulvic-like compounds
Microbial by-products – SMP-like compounds
Humic-like compounds

Total

745

RAW-L

SBR-L

RAW-L-PAC

SBR-L-PAC

39.6 (0.3)
263.3 (2.1)
2398.6 (19.1)
899.4 (7.2)
8936.8 (71.3)

25.2 (0.3)
196.7 (2.0)
1541.6 (15.6)
777.7 (7.8)
7370.1 (74.4)

0.5 (0.2)
2.7 (1.1)
17.3 (7.0)
33.3 (13.5)
193.8 (78.3)

0.2 (0.1)
1.4 (0.7)
10.1 (5.0)
22.4 (11.0)
169.3 (83.3)

12537.7

9911.3

247.6

203.3
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3.5. Adsorption mechanisms

online version, at http://dx.doi.org/10.1016/j.cej.2018.04.056.

AC adsorption of UV-quenching organic matter in this study can be
achieved via, at a minimum, three plausible mechanisms. The ﬁrst one
is hydrophobic interaction. As shown in Fig. 5(a), hydrophobic HA and
FA contributed to 50% of UV absorbance in the both raw and biologically pre-treated leachates. The hydrophobic UVQS molecules could be
readily sorbed on the hydrophobic surfaces of AC as a result of hydrophobic eﬀect. Secondly, the UVQS adsorption is likely associated
with π-π electron-donor-acceptor (EDA) interaction between UVquenching organic molecules with a strong electron-accepting property
and the π electrons of the benzene rings on AC surface (electron donors)
[28–30]. The aromatic property of UVQS in the leachates has been
validated by the high SUVA values shown in Fig. 5(b). Besides the nonelectrostatic interactions, electrostatic attraction clearly played a role in
the abatement of UV-quenching organic compounds in this study. As
seen in Fig. 1, a decreasing pH favored the UVQS adsorption on AC. It is
well known that a lower pH can inhibit the dissociation of certain
functional groups in leachate DOM molecules (e.g. carboxyl and hydroxyl groups) to reduce the formation of negatively charged anions.
Meanwhile, the AC surfaces become more positively charged as pH
decreases. However, in this study, it is technically diﬃcult to separate
the relative contributions of the aforementioned adsorption mechanisms responsible for the UVQS adsorption.
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4. Conclusions
The major conclusions of this study are as follows.

• Abatement
•
•
•
•
•
•

of leachate UV254 absorbance with activated carbon
adsorption followed a pseudo-2nd-order reaction or intra-particle
diﬀusion kinetics model.
Activated carbon adsorption patterns for leachate UV254 absorbance, DOC, and COD were consistent with the Freundlich isotherm
models.
UVQS adsorption to activated carbon was plausibly ascribed to both
non-electrostatic and electrostatic adsorption mechanisms.
Residual UV254 absorbance of raw or SBR-treated leachate was linearly and exponentially correlated with residual COD and DOC after
AC treatment, respectively.
Activated carbon preferentially adsorbed strongly chromophoric
UV-quenching molecules that were most likely hydrophobic UVQS.
Activated carbon at a suﬃciently high dose could eﬀectively remove
UV254 absorbance from HA, FA, and HPI isolates.
EEM technique could serve as a surrogate method to evaluate variation of hydrophobic UVQS, but could not sensitively reﬂect the
presence or alleviation of hydrophilic UVQS.
Results collectively presented here demonstrate that activated
carbon adsorption is a technically eﬀective technology for mitigation of leachate-induced UV transmittance impacts on POTWs that
receive landﬁll leachate.
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